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INTRODUCTION
Papaya (Carica papaya L.) crop is commercially grown in Brazil, mainly in Bahia and Espírito Santo states. These states produce 718,726 and 404,720 tons of fruit per year, respectively. Together, they accounted for 71% of Brazil's total papaya production in 2013. In the same year, Brazil was the second largest papaya producer in the world, with a total production of 1.6 million tons of fruit, which corresponded to 12.6% of the world production (IBGE, 2014; Reetz et al., 2015) .
The demand for more adapted papaya cultivars to meet the requirements of both national and international markets is currently a core issue for papaya plant cultivation in the main producing areas in Brazil. The national papaya markets prefer cultivars that present larger fruits (the Formosa group) whereas the international markets prefer cultivars that present smaller fruits (the Solo group). Therefore, breeding programs using hybridization techniques (Marin et al., 2006) have increased the genetic variability of this crop in order to generate materials with enhanced agronomic features, as well as higher levels of disease resistance. Marin et al. (2006) studied the general and specific combining ability of genotypes from the 'Solo' and 'Formosa' groups. They found that the 'Cariflora' genotype shows excellent general and specific abilities to combine several agronomic features when crossed with 'Solo' group cultivars. However, since such a genotype is a dioecious material, it is not possible to use it in breeding programs due to the impossibility of self-fertilization and the development of inbred lines. Silva et al. (2007a) attempted to convert the sex of the 'Cariflora' genotype, from dioecious to the gynoecious -andromonoecious stage, by means of random amplified polymorphic DNA marker-assisted introgression of the M2 allele. BC1 and BC2 populations derived from the crossing between 'Cariflora' and 'Sunrise Solo 783' were obtained, and plants showing high similarity to the recurrent parent ('Carifora') were selected. Ramos et al. (2012) assessed the genetic distance between populations derived from three backcrossing generations (BC1, BC2, and BC3) in order to select superior genotypes and to advance generations through self-fertilization, and to analyze the efficiency of morpho-agronomic and molecular data at estimating genetic diversity and correctly distinguishing the studied progenies. The assessed backcrossing populations have shown agronomically superior genotypes. However, little is known about the resistance of these materials to the main diseases affecting papaya crops, or about their behavior per se or in crossings. Nevertheless, it is believed that these populations have potential disease-resistance that can be explored for use in disease control and in papaya breeding programs. Vivas et al. (2015) assessed genotypes from the UENF/CALIMAN germplasm bank and found that the 'Cariflora' genotype showed low black-spot [Asperisporium caricae (Speg.) Maubl.] severity levels in the leaves and fruits. Black spot is one of the most important leaf diseases affecting papaya crops. Some studies have used heterosis aiming to increase disease resistance (Hafsah et al., 2007; Vivas et al., 2012b; 2014) , which also allows significant genetic gains concerning morpho-agronomic features to be achieved. This is also accompanied by improved resistance to other diseases such as anthracnose (Colletotrichum gloeosporioides), black-spot (Asperisporium caricae), and phoma-spot (Phoma caricae-papayae) (Vivas et al., 2014) .
Black-spot is the most important leaf disease affecting papaya cultivations, since the infection occurs in the leaves, and it leads to defoliation and loss of the photosynthetic area. The most important damage occurs in the fruits, which become commercially depreciated by black-spot lesions and predisposed to postharvest secondary rot (Rezende and Martins, 2005) . Losses of 30% in papaya fruit commercialization have been reported due to black-spot disease (Santos and Barreto, 2003) . The control of black-spot is mandatory in commercial crops in order to assure the production of marketable fruits. Periodic spraying with systemic fungicides is the most widely used control measure (Ventura et al., 2003) . However, the efficiency of chemical control is complicated by technical and environmental issues, as well as the growing product quality demands of the market, which requires products that are free of chemical residues. In terms of the technical limitations of chemical control, the use of systemic fungicides often comprises the selection of resistant biotypes within pathogenic populations (Ghini, 2001) . Thus, genetic resistance has emerged as a promising and sustainable control alternative (Dianese et al., 2007; Vivas et al., 2012b; .
Aiming to select papaya genotypes with black-spot resistance, the current study assessed the behavior of lines derived from the 'Cariflora' genotype, which was converted to hermaphroditism through backcrossing, as well as hybrids from the "top cross" between these lines and four elite testers, in order to estimate their heterotic effect. Such estimates allow hybrids with the lowest black-spot incidence and severity in the leaves and fruits to be identified.
MATERIAL AND METHODS
The experiment was conducted in the experimental field of Caliman Agrícola S.A, in Linhares City, ES, between 2014 and 2016. According to Köppen's classification, the climate in the region is Awi, a humid tropical climate with a dry winter and maximum rainfall in the summer (Nóbrega et al., 2006) .
The experiment comprised 14 lines selected from populations (first and third generations) derived from the backcrossing between the dioiceus genotype 'Cariflora' and the elite variety 'Sunrise Solo 783' (SS 783) (Silva et al., 2007a,b; Ramos et al., 2012; Barros et al., 2017) . The hybrids obtained from the crossing between the 14 lines and four SS-72/12 testers (parents of commercial hybrids) belonging to the 'Solo' group, as well as those obtained from the crossing between the 14 lines and JS-12, SEKATI and 41/7 testers belonging to the 'Formosa' group, were also used in the experiment. Hermaphrodite plants belonging to the lines (pollen donors), and female plants (pollen receptors) derived from elite parents, were used in these crossings. The self-fertilized progenies were obtained by protecting the flowers in order to prevent open pollination.
The experiment encompassed 41 treatments: 14 superior lines, four parents of commercial hybrids, 20 hybrids (SS-72/12 X 1, SS-72/12 X 2, SS-72/12 X 4, SS-72/12 X 6, SS-72/12 X 9, SS-72/12 X 17, SS-72/12 X 19, SEKATI X 1, SEKATI X 2, SEKATI X 4, SEKATI X 6, SEKATI X 9, SEKATI X 10, SEKATI X 17, SEKATI X 20, 41/7 X 10, JS-12 X 1, JS-12 X 2, JS-12 X 17, and JS-12 X 21), three controls consisting of commercial cultivars ('Golden' and 'Tainung 01'), and one elite line (36/7).
The 41 treatments were sown in December 2014 and transplanted to the field in January 2015. The experiment followed a randomized block design with six repetitions, three plants per plot, totaling 738 plants with spacings of 3.6 m between rows and 1.5 m between plants. Three seedlings were planted per hole; however, a single hermaphrodite plant remained after sexing (3 months after planting). All plants in each plot of the six blocks were assessed in order to determine mean values per plot.
Three assessments were conducted in August and November 2015 and in March 2016. The severity of black spot in the leaves was estimated through the diagrammatic scale adopted by Vivas et al. (2011) , according to the following proportions of injured areas: 0.2, 1.6, 3.5, 5.4, 7.6, and 12.8%. Black-spot severity was assessed in leaves in which the petiole presented the first newly open inflorescence. Black-spot severity in the fruits was estimated during the fruitripening stage 1, using the diagrammatic scale described by Vivas et al. (2010) , according to the following proportions of injured surface area: 0.1, 0.3, 0.6, 1.2, 2.5, 5.0, 10.0, and 20.0%. The incidence of black-spot in the fruits was calculated by the ratio between the number of fruits showing black-spot symptoms and the total number of fruits in the plant, which was estimated through direct counting.
The cultivation practices in this study followed those adopted in commercial cultivations by Caliman Agricola S.A, through drip irrigation at the base of the plant. In addition to the assessments, chemical management was conducted using herbicide chemical groups such as substituted glycine, bipyridinium, acetanilide, as well as acaricide and insecticide chemical groups such as fatty acid esters, avermectins, and pyrethroids, and fungicide chemical groups such as strobilurins, benzimidazole, triazole, and dithiocarbamate.
Analyses of joint and individual variance were conducted for all variables, by considering the assessment period as the source of variation. The means were grouped through the Scott-Knott test, at 5% probability. The analyses were performed in the GENES software (Cruz, 2013) .
The mean value for each treatment was used to estimate the heterosis and the standard heterosis in each assessed period. The heterosis was calculated through the following equation:
where in HMP = percentage of heterosis for the mean of the parents; MH = mean of the hybrid; MP = mean of the parents. Conversely, standard heterosis was calculated through the equation:
where in: HP = standard cultivar heterosis; MH = mean of the hybrid; CP = mean of the standard cultivar. The control 'Golden' was used to calculate the standard heterosis of the materials belonging to the 'Solo' group, where SS72/12 was one of the parents. The control 'Tainung' was used to calculate the standard heterosis of the materials belonging to the 'Formosa' group, which was derived from crossings using the SEKATI, JS/12, and 41/7 genotypes.
RESULTS AND DISCUSSION
Black-spot severity in the leaves was highest in August 2015 ( Table 1 ). At that time, the temperature in the experimental area was milder, thus favoring the outbreak.
*Grouping of means through the Scott-Knott test at 5% probability level, in each assessment period and at each assessment location. Means followed by the same letter in columns do not differ at 5% by the Scott-Knott test. 1 SS = SS72/12. It is assumed that the leaf lesions were derived from infections that had occurred at different times because the fruits stay more time in plant than leaves. This may explain the different results observed for black-spot severity between the leaves and fruits. Conversely, black-spot severity was greatest in the fruits in November 2015. The probable lack of fruit infections in August may be related to the fact that this period corresponds to the beginning of fruiting in these genotypes. The highest severity rates in the fruits were found in the subsequent seasons due to the accumulation of infections.
All variables were shown to have a significant effect on all sources of variation tested herein (genotype, assessment season, and genotype-period interaction), which demonstrated the genetic improvement potential of the parents, hybrids, and controls. Each assessment season was individually analyzed in order to determine the importance of each variable to the model, since a significant effect on the genotype-period interaction was observed.
The coefficient of determination (h 2 ) presented black-spot rates ranging from 43.17 to 78.15%. Studies have shown that, although the low heritability is not significant, it is possible to achieve successful plant breeding in terms of disease resistance (Vivas et al., 2011 (Vivas et al., , 2014 . This is because the differences in the heritability estimates must be interpreted as being specific to the studied genotypes and environments rather than as a fixed attribute of the assessed phenotypic feature (Allard, 1971) .
Analyses of individual variance for black-spot severity in the fruits have shown significant genotype effects during the first and second assessment season. As for the analysis of black-spot severity in the leaves and black-spot incidence in the fruits, a significant genotype effect was found during the three assessment periods. It was possible to form three groups in the first and third assessment periods, and two in the second period, when the Scott-Knott (1974) grouping test was applied to black-spot severity in the leaves (Table 1) .
The parents showing the lowest means in all assessment periods were from lines 4, 9, 18, 20, 21, and 22, belonging to genotypes '41/7', 'SEKATI', and 'SS72/12', and to the controls '36/7' and 'Golden' (Table 1) . These results corroborate those reported by Dianese et al. (2007) for SEKATI, highlighting these genotypes as potential parents that may be used to obtain cultivars with increased resistance to black-spot. Additionally, the potential of these parents in hybrid combinations was also assessed.
The following hybrids stood out for black-spot severity in the leaves during the three assessment seasons: SS-72/12 X L-4, SS-72/12 X L-6, SS-72/12 X L-9, SS-72/12 X L-19, SEKATI X L-1, SEKATI X L-6, SEKATI X L-10, SEKATI X L-17, SEKATI X L-20, and 41/7 X L-10 (Table 1 ). All hybrids had at least one promising parent, with the exception of SS-72/12 X L-6 and SS-72/12 X L-19. Thus, this indicated that such parents may present low severity and help to reduce the disease in crossings. Vivas et al. (2011) selected promising black-spot resistant hybrids in crossings between SEKATI and Sunrise Solo (SS-72/12), which corroborates the results found in the current study. According to the results obtained in the current study, the L-6 and L-9 lines, which were derived from the genotype 'Cariflora', also have breeding potential for disease resistance since their crossings showed the lowest means for disease intensity and incidence (Table 1) . This was the first time that hermaphrodite lines derived from dioecious genotypes have been assessed for disease resistance.
The severity rates found in the fruits allowed two groups to be formed in the first and second assessment periods (Table 1) . The most resistant parents were the lines 1, 4, 6, 9, 10, 16, 17, 19, 21 , and the elite parents 'SEKATI' and 'JS-12'. Among these parents, genotypes 4, 9, 21, and SEKATI also showed low means for black-spot severity in their leaves, which, in epidemiological terms, is important, since leaf resistance may be associated with fruit resistance or may effectively reduce the inoculum in fruits. Thus, these genotypes may be potential parents for of the generation of cultivars with increased resistance to black-spot. The lowest means for black-spot severity in the fruits were observed in the following hybrid combinations: SS-72/12 X L-1, SS-72/12 X L-4, SS-72/12 X L-9, SEKATI X L-1, SEKATI X L-20, and SEKATI X L-9 (Table 1 ). All of the hybrids, with the exception of SS-72/12 X 1 and SEKATI X 9, were in the most resistant group and showed the lowest means for blackspot severity in their leaves. This demonstrated that the presence of "promising" parents also helped to reduce the disease in the fruit when they were subjected to crossing
The analysis of black-spot incidence in fruits led to the formation of two genotype groups in the first and third assessment seasons and to three groups in the second season ( Table 1) . As for the incidence of diseased fruits, the best responding lines were 1, 2, 9, 16, and 19, and the genotypes were SEKATI and SS-72/12. With respect to those genotypes, the data concerning black-spot incidence were similar to those obtained for the severity data, confirming that the SEKATI genotype may carry alleles that help to reduce disease in papaya hybrids. The hybrids that showed the best means for diseased fruit incidence were SS-72/12 X 9, SS-72/12 X 19, SEKATI X 1, SEKATI X 2, and SEKATI X 9, which had values lower than those presented by the genotypes from self fecundation. Vivas et al. (2012a) showed that the SEKATI genotype may be a possible source of resistance to black-spot, which corroborates the results of the current study. It is noteworthy that the genotype 'Cariflora' is able to generate hermaphrodite progenies that have potential black-spot resistance, thus generating lines with potential, both individually and in combination, the latter of which allows the heterosis to be explored. Heterosis or hybrid vigor is the phenomenon through which descendants show better performance and increased strength than the average of their parents. Heterosis is most often calculated based on the superior parent (Heterobeltiosis) or on a cultivar of economic importance (standard heterosis) (Allard, 1971; Borém and Miranda, 2009) .
Heterosis in the current study was estimated during the assessment periods that showed a significant genotype effect, i.e., the black-spot severity in the leaves, in the three assessment periods; the disease severity in the fruits, in the first and second assessment periods; the disease incidence in the fruits, in the three assessment periods. The combinations presenting negative heterosis estimates for black-spot severity in the leaves, in the three assessment periods, were SS-72/12 X 1 (Table 2) .
The best hybrids for heterosis concerning reduced black-spot severity in the fruits were SS-72/12 X 4 (-31.42; -5.22), , and SEKATI X 20 (-33.30; -40.22) (Table 2 ). The negative estimates of heterosis for disease incidence in the fruits were observed in the SS-72/12 X 4 and SEKATI X 9 crossings (Table 2) . Of note, the SS-72/12 X 4 and SS-72/12 X 6 hybrids differed from the parents that showed negative heterosis values by taking both fruits and leaves into consideration. The aforementioned hybrids were promising when identifying plants with increased resistance in the leaves and fruits, as well as reduced fruit size, since a genotype from the 'Solo' group was used to cross the lines.
Based on this, heterosis is most often calculated for cultivars of economic importance (standard heterosis). Thus, the current study used the 'Golden' cultivar for the 'Solo' group materials and the 'Tainung' cultivar for the 'Formosa' group materials. According to the calculated heterosis, the SS-72/12 X 4 cross showed negative standard heterosis values for black-spot severity in the leaves, which have demonstrated greater resistance to the most planted 'Solo' group cultivar (Table 3) . For the severity of black-spot in the fruits, most 'Formosa' group hybrids showed stronger resistance to the Tainung control, namely: SEKATI X 1, SEKATI X 2, SEKATI X 4, SEKATI X 6, SEKATI X 9, SEKATI X 10, SEKATI X 17, SEKATI X 20, and 41/7 X 10 (Table 3 ). These data confirmed that the degree of resistance in the parent 'SEKATI' may be passed on to future generations, which generates a good material, both on its own and in crossing.
1 SPPFr = black-spot severity in the fruit; 2 IPPFr= black-spot incidence in the fruit; 3 SPPFo = black-spot severity in the leaf; 4 SS = SS72/12. Only the SS-72/12 X 6 crossing was superior to the standard 'Golden' cultivar in all assessments, when the 'Solo' group was assessed for black-spot severity in the fruits (Table  3) . This result was also found for the heterosis related to the average of the parents, and it demonstrated the resistance of this material to the detriment of the control.
In terms of the incidence of black-spot in the fruits, only the hybrids from the 'Formosa' group (SEKATI X 1', 'SEKATI X 2', 'SEKATI X 6', 'SEKATI X 9', and 'SEKATI X 20') showed increased resistance to the cultivar 'Tainung', in all assessment periods. Thus, this confirms the superiority of these hybrids over the standard controls used in the current study.
The 'Solo' group hybrid 'SS-72/12 X 4' showed lower black-spot severity and incidence rates in its fruits, and the 'Formosa' group hybrids 'SEKATI X 1', 'SEKATI X 2', 'SEKATI X 6', 'SEKATI X 9', and 'SEKATI X 20' showed good black-spot severity and incidence estimates in the fruits when all the variables were considered. These also had the lowest levels of black-spot severity and incidence in all assessment periods (Table  1) , which indicates that crossings aiming to produce hybrid papaya seeds can show genetic superiority and resistance to diseases.
Using the materials utilized in the current study, lines 2 and 9 were found to be promising for both fruit production and quality (Santa Catarina, 2016) . This fact integrates disease resistance, since both lines showed the lowest mean values for blackspot incidence in the fruits. Line 9 stood out as promising when the severity of black-spot was assessed in both the leaves and the fruits.
Santa Catarina (2016) assessed the agronomic features of the 'Solo' group and presented the following hybrids: SS-72/12 X 1, SS-72/12 X 2, SS-72/12 X 6, and SS-72/12 X 9. With respect to resistance, the results of the current study showed that the SS-72/12 X 1 and SS-72/12 X 9 hybrids presented low means for black-spot severity in the fruits, and that crosses involving line 9 presented low means for black-spot severity in the leaves and incidence in the fruits. The 'Formosa' hybrids 'Sekati X 2', 'Sekati X 4', 'Sekati X 6', and 'Sekati X 10' have shown superior agronomic features and fruit quality. The 'Sekati X 2' hybrid has shown the lowest means for black-spot severity and incidence in the fruits. The 'Sekati X 4' hybrid has shown the lowest mean for black-spot severity in the leaves and fruits, and the 'Sekati X 6' and 'Sekati X 10' hybrids have shown the lowest means for black-spot severity in the leaves and incidence in the fruits.
The SS-72/12 X 1 and SS-72/12 X 9 hybrids from the 'Solo' group, as well as the Sekati X 2, Sekati X 4, Sekati X 6, and Sekati X 10 hybrids from the 'Formosa' group, showed the greatest resistance to pathogen attack, which was consistent with the study conducted by Santa Catarina (2016) on agronomic and fruit quality features. This study suggested that it is worth selecting these hybrids to perform new competition tests in different environments, aiming for the future release of agronomically superior and blackspot resistant hybrids of the papaya 'Solo' group.
In conclusion, the genotypes showing the greatest resistance to black-spot were lines 1, 4, 9, and 19. Lines 4 and 9, and the parent 'SEKATI' generated the best results in all the variables assessed herein. The SS-72/12 x 4, SS-72/12 x 6, SEKATI x 1, SEKATI x 2, SEKATI x 6, SEKATI x 9, and SEKATI x 20 hybrids were notable for the magnitude of the heterosis estimates concerning both the mean of the parents and the commercial varieties in order to reduce black-spot intensity in papaya cultivars from both the 'Solo' and the 'Formosa' groups.
